Among the various approaches to cyclobutanes, ring expansion of cyclopropanols by a Wagner-Meerwein shift to the corresponding cyclobutanones is considered one of the most powerful and versatile methods. 2 While ring expansion of small ring systems can generally be induced by coordination of π-acidic transition-metal catalysts to alkenyl-, alkynyl-, and allenylcycloalkanols, 3 only a few reports have described asymmetric catalytic Wagner-Meerwein shifts based on this strategy for the synthesis of cycloalkanones. 4 In the past decade, cationic gold(I) complexes have evolved as mild Lewis acid catalysts for transformations requiring the activation of π bonds. 5 In 2005, we reported the ring expansion of 1-alkynylcyclopropanols catalyzed by [(p-CF 3 C 6 H 4 ) 3 P]AuSbF 6 , which provides efficient access to a range of alkylidenecyclobutanols. 6, 7 We hypothesized that an analogous rearrangement of 1-allenylcyclopropanols using chiral gold-phosphine complexes might allow for the catalytic construction of cyclobutanones possessing a vinylsubstituted quaternary stereogenic center. 8 During initial experiments to establish standard reaction conditions, (R)-xylyl-BINAP was identified as promising ligand. When allenylcyclopropanol 1 was treated with the (R)-xylyl-BINAPderived cationic gold(I) complex at 0°C, cyclobutanone 2 was isolated in 75% ee (Table 1 , entry 1). When the temperature of the reaction was decreased, the enantioselectivity increased, reaching 84% at -30°C (entry 4). Notably, the enantioselectivity showed a pronounced leveling behavior, with only a small increase in selectivity between -10 and -30°C (entries 2-4). Decreasing the steric encumbrance around the phosphine led to a drop in the enantioselectivity (entries 5 and 6).
9 A slight improvement in selectivity was obtained with MeO-DM-BIPHEP, giving 2 in 86% ee at -30°C ( further increased the enantioselectivity, providing 2 in 89 and 91% ee with xylyl-BINAP and MeO-DM-BIPHEP, respectively (entries 8 and 9). 10 Control experiments indicated that the improved selectivity in the case of NaBARF presumably results from suppression of an inherent background reaction by trace amounts of HNTf 2 formed under the reaction conditions.
11
With these results in hand, we examined the scope of the gold(I)-catalyzed enantioselective ring expansion of 1-allenylcyclopropanols (Scheme 1). Straightforward access to all of the substrates was achieved using three different strategies: (1) direct allenylation of cyclopropanone generated in situ from 1-ethoxycyclopropanol; (2) Johnson-Claisen rearrangement of propargyl alcohols; and (3) S N 2′ 
13 Substrates possessing aromatic substituents (2-6) were generally well tolerated, with the more electron-deficient 1-allenylcyclopropanols 5 and 6 requiring longer reaction times. Alkyl-substituted compounds were excellent substrates for this method, giving cyclobutanones 7 to 9 in high enantioselectivities. The mildness of the method allowed the incorporation of various functional groups in the side chain, e.g., protected alcohols (10) and amines (11), acetals (12), alkenes (13), and R, -unsaturated esters (14).
The amount of catalyst could be reduced without significant loss of enantioselectivity or yield. Cyclobutanone 9 was obtained in 88% yield and 89% ee on a 1.5 mmol scale with only 0.5 mol% of the chiral gold(I) catalyst (eq 1). The low catalyst loading combined with the air and moisture of the reaction should make this method suitable for the synthesis of chiral cyclobutanones on a large scale.
A proposed mechanism for the gold(I)-catalyzed enantioselective ring expansion of 1-allenylcyclopropanols is outlined in Scheme 2. Coordination of the cationic gold(I) catalyst to the internal double bond of the allene moiety in 1 triggers a ring expansion by a Wagner-Meerwein shift, generating vinylgold intermediate A. A subsequent protodemetalation liberates the catalyst and releases the product 2. This mechanistic proposal is in agreement with results from computational studies carried out for the related rearrangement of 1-alkynylcyclopropanols.
14 In summary, we have developed an asymmetric ring expansion reaction of 1-allenylcyclopropanols catalyzed by chiral phosphine gold(I)-phosphine complexes. The method provides access to a wide range of cyclobutanones with a vinyl-substituted quaternary stereogenic center. Moreover, this method constitutes the first report of an enantioselective gold-catalyzed 1,2-alkyl migration 7 and thereby expands the class of reactions amenable to asymmetric catalysis by gold. 15 Further studies of the application of this methodology to the synthesis of natural products are ongoing in our laboratories. 
